A significant complication in allogeneic stem cell transplantation is graft versus host disease (GVHD). The use of multipotential mesenchymal stem cells (MMSC) for the amelioration of GVHD has shown promise as a therapeutic intervention. Given that MMSC can suppress allogeneic immune responses, there is a concern that using these cells may promote leukemic relapse. We describe a murine model of GVHD in the presence of leukemic cells (L1210). Acute GVHD was induced in DBA mice by transplanting bone marrow and spleen cells from C57Bl/6J mice with or without prior injection of L1210 cells. The recipient mice were monitored for signs of GVHD. The mice were then treated with primary MMSC or a C57Bl bone marrow derived cloned mesenchymal cell line (OMA-AD). The results without L1210 cells, demonstrated that mice treated with primary MMSC that had developed moderate GVHD had increased long-term survival when compared to controls. The group treated with OMA-AD cells showed minimal GVHD so cloned OMA-AD MMSC cells provided a significant protective effect against GVHD, and the survival rate was superior to * Corresponding author.
Introduction
Acute graft versus host disease (GVHD) is the major cause of non-relapse mortality following hematopoietic stem cell transplantation for patients with hematological malignancies [1] . Le Blanc and colleagues have pioneered the evaluation of multipotential mesenchymal stromal cells (MMSC) for amelioration of GVHD and they provided the initial evidence that this therapeutic approach had clinical benefits [2] - [4] , which led to a multicenter European trial [5] . Other groups, in largely anecdotal reports, have also observed clinical benefits in steroid resistant GVHD with minimal toxicities [6] - [9] although some more recent studies, e.g. von Bonin et al. [10] did not observe as good outcomes as some earlier studies [3] . Clinical, as well as preclinical, studies have been reviewed by Lin and Hogan [11] , Baron and Storb [12] and Blazer et al. [13] . Osiris has received approval for Prochymal™ in treatment of GVHD, and other products such as MultiStem™ are under evaluation [14] [15] , although complete mechanisms of their actions are unclear. Long term, it has been observed that in patients with malignancies, the occurrence of GVHD is associated with a lower relapse rate [16] , so a major concern of the use of MMSC to ameliorate GVHD is that this therapy will decrease the anti-tumor effectiveness of graft versus leukemia (GVL) processes [12] .
The properties of MMSC's have been under investigation for many years [17] . These cells, originally derived from bone marrow, were evaluated by Friedenstein et al. [18] and termed precursors of mechanocytes. A primary property of these cells is their ability to form clonal colonies of cells in vitro (fibroblast colony forming cells, FCFC, or colony forming cells fibroblast, CFC-F). In addition, these cells exhibit multipotential differentiation under different culture conditions to fibroblasts, chondrocytes, osteoblasts and adipocytes [19] [20] . Owen and Friedenstein [21] provided a summary of the biology of these cells in a CIBA Foundation Symposium and coined the term marrow stromal cells (MSC). Caplan and colleagues [22] evaluated the differentiation potential of these cells, and patented a description of these cells as mesenchymal stem cells (MSC). A generally accepted criterion for stem cells is that they exhibit self-renewal as well as the ability to produce at least one lineage of differentiated progeny. Most MSC do not demonstrate this ability in vitro or in vivo [23] and it is likely the majority are committed transit amplifying cells of the connective tissue lineage or connective tissue precursors (CTP) described by Muschler and Midura [24] . A subcommittee of the International Society for Cellular Therapy described the properties of these cells and recommended they be termed multipotential mesenchymal stromal cells (MMSC) and this terminology is adopted for this study [25] . MMSC can be obtained from bone marrow [20] , liposuction aspirates [26] - [28] , Wharton's jelly, placenta [29] [30] and potentially other tissues and appear related to pericytes of blood vessels [31] [32] . The extent of differences based on tissue of origin requires further evaluation [33] .
In addition to their ability to differentiate to various connective tissue cell types, these cells have been shown to suppress allogeneic lymphocyte interactions, specifically mixed lymphocyte reactivity [34] [35] prolong the survival of allografts [36] and mediate tissue growth and repair [37] . The mechanism of this effect has been claimed to involve cellular interactions as well as humoral effects [38] . Some current reports are contradictory and mechanisms are difficult to investigate in patients, although studies of changes in gene expression profiles have been reported [39] . The immunomodulatory effects of MMSC have been described by several groups of investigators, but they differ in their interpretation of the mechanism(s) of these effects. Le Blanc and Ringden [40] claimed that MMSC escape the immune system and recognition by CTLs and alloreactive NK cells [41] . This position was supported by Maitra et al. [42] , who noted human MMSC did not elicit T cell activation in vitro. In contrast, Nauta et al. [43] noted that allogeneic MMSCs are not intrinsically immunoprivileged and can induce a memory T cell response. Regarding their immunosuppressive effects, inhibition of T lymphocyte proliferation, at least in part by a soluble factor, has been reported [34] [40] [41] . Plumas et al. [44] described MMSC induction of apoptosis of activated T cells with no effect on resting T cells. Indeed the roles of multiple cell sub-populations as well as cytokines/chemokines in GVHD have been described [45] . Such claims of the involvement of multiple mechanisms emphasize the need for an animal model to attempt to resolve these contradictions and to evaluate postulated mechanisms of action. However, as noted by Baron and Storb [12] , previous attempts to demonstrate the efficacy of MMSC to ameliorate GVHD in mouse models have had limited success.
Graft versus host disease (GVHD) arises when immune effector cells in a cell therapy product infused into an immunosuppressed (high dose therapy treated) recipient react, immunologically, against cells and tissues of the recipient [46] [47] . This complication is usually moderated primarily by use of immunomodulation, specifically the use of cyclosporin and methotrexate (immunosuppression), mycophenylatemofitil, antithymocyte globulin and high-dose steroids. However, these agents are only partially effective and some cases of GVHD are resistant to steroids and other therapies, and this indicates poor outcomes [48] - [50] . The global incidence of GVHD ranges from approximately 25% -30% (related donors) to upwards of 50% (unrelated donors) [51] although advances in technology, e.g. T cell depletion [52] have reduced this mortality. Given that MMSC can suppress allogeneic immune responses and facing an extreme case of GVHD in a child receiving a haploidentical allogeneic transplant for leukemia, Le Blanc et al. [2] prepared MMSC from the child's mother and infused them to this individual with severe gut GVHD as a second line of therapy. The symptoms of GVHD rapidly resolved. This procedure was repeated to treat a recurrence of GVHD several months later and again was successful. Unfortunately, the patient succumbed to GVHD recurrence and infection [11] , raising a concern that, although infusion of MMSC can ameliorate GVHD, this procedure might induce profound immunosuppression. This additionally raises concerns that suppression of GVHD might permit tumor relapses [53] . It appears that GVL can be separated from GVHD [54] [55] although this requires additional evaluation [56] . MMSC have been shown to reduce the anti-tumor activity of cytokine-induced natural killer cells [57] . Investigation of increased rates of tumor relapse requires an animal model. It has also been reported that MMSC can transform to form sarcomas [58] . Evaluation of this concern also requires an appropriate mouse model, likely based on the use of immunodeficient mice.
In vitro, MMSC suppress lymphocyte proliferation [35] and produce immunomodulatory factors [59] . In vivo, MMSC are immunomodulatory and alter immune cell populations [60] [61] . These immune cell populations play significant roles in engraftment and GVHD [62] including in xenogeneic GVHD [63] . A more detailed analysis of immune changes in GVHD could be facilitated and manipulated using a validated animal model. The initial applications of MMSC were for treatment of GVHD [9] . Subsequently, attempts have been made to prevent GVHD and increase cell engraftment, either by co-transplantation of stem cells and MSC [35] [64] or prior transplant of MSC [65] . In general, these approaches have not significantly improved outcomes. Dazzi and Marelli-Berg [66] noted that "MSC can treat GVHD only if administered in the presence of active disease". This appears to be the case [12] . Consequently, this study emphasized development of a mouse model that reflects the clinical situation. The applications of xenogeneic models, although they employ human cells, may not adequately reflect the complex immunological interactions that occur in syngeneic/allogeneic situations [45] [67] .
Even though additional clinical studies indicate that this therapeutic approach has benefits [45] , the in vivo mechanism(s) of action remain uncertain [68] - [70] and soluble factors [60] [69] [71] as well as secreted galectins [59] have been implicated. Additional mechanisms include effects of MSC on T cells [69] [72], T cells and B cells [73] particularly T regulatory cells, which appear increased [72] [74]- [76] . Recently, the secretion of bioactive molecules by MMSC in the form of exosomes has been described and this is a potential mechanism of action [77] [78] . A relevant animal model could assist in the resolution of the relevance of these competing mechanisms. Information on mechanisms is critical to the rationale development of MMSC for treatment of GVHD, which has both acute and chronic components. Furthermore, this approach may potentially offer benefits in a broader range of immune diseases, including autoimmune diseases, such as multiple sclerosis [79] , as well as inflammatory conditions including hemorrhagic cystitis, pneumomediastinum and perforated colon [80] although not all reports are positive [81] .
Consequently, there is merit in continuing to develop and evaluate animal models [76] for investigation of mechanisms of MMSC amelioration of GVHD, as well as effects on the risks of promoting relapse of malignancies. Unfortunately, reports investigating whether MMSCs control GVHD in mouse models, present contradictory conclusions. Yanez et al. [82] claimed that infusion of mouse MSCs in mice transplanted with haploidentical hematopoietic grafts controlled lethal GVHD. In contrast, Sudres et al. [35] and Badillo et al. [83] concluded that in their mouse models, the data did not support a significant immunosuppressive effect of MMSC in vivo for treatment of GVHD. Similarly, negative results have been reported in rats [84] and dogs [12] [85] . Furthermore, although primary MMSC have been reported to be effective, use of cloned MMSC cells was reported to be unsuccessful [86] . One problem is that primary mouse MMSC differ between strains [87] , and can be difficult to grow and are variable in morphology and properties depending on the culture conditions [88] [89] . This suggested that use of an appropriate MMSC line [20] with more consistent properties might offer advantages in experimental systems. Such an approach would offer advantages of consistency, economy, and regulatory efficiency in clinical applications.
In an attempt to resolve these controversies, the objective of this research was to develop, evaluate and validate a basic mouse model using strain combinations not previously evaluated [12] to investigate the ability of MMSC including a cloned MMSC line [20] to ameliorate acute GVHD, to examine effects on major immune cell types and determine if this therapy compromised allograft versus leukemia cell therapeutic benefits.
Materials and Methods

MMSC Isolation, Cell Culture and Characterization
Multipotential mesenchymal stromal cells (MMSC) were obtained initially from the femurs of C57Bl/6J female mice (6 -8 weeks, and approximately 20 g body weight) (Jackson Labs, Bar Harbor, ME). Briefly, bone marrow was harvested from the femurs by removing the proximal and distal ends and gently expressing medium through the diaphysis using a 1 cc syringe equipped with a 21 gauge needle. The bone marrow cells were then made into a single cell suspension and counted using a Beckman Coulter A c T diff. Analyzer. Ten million cells were placed into T-25 cell culture flasks containing 10 mL of Mesencult Basal Medium for Mouse Mesenchymal Stem Cells (Stem Cell Technologies). The cultures were then incubated at 37˚C and 5% CO 2 in air. In addition, a C57Bl mouse derived MMSC line (OMA-AD) was also employed [20] . These cells were characterized phenotypically employing flow cytometric analysis with a panel of antibodies. In addition, MMSC isolated from the recipient (DBA mice) and third party MMSC (Balb/c mice) were similarly isolated and evaluated for efficacy compared to MMSC matching the bone marrow cell donors (C57Bl mice).
Induction of Graft versus Host Disease (GVHD) and Assessment of GVHD
GVHD was induced using female DBA (H2d) mice as recipients and C57Bl/6J (H2b) female mice as donors (Figure 1) . The recipient mice were irradiated (9. /mouse, or 3.6 × 10 8 /kg) of splenic CD3 T cells on GVHD development were determined. These studies identified 6 × 10 6 spleen cells/mouse (3.6 × 10 8 /kg) as the optimal spleen cell dose to induce GVHD in 100% of recipients by 7 -10 days post-transplant. Animals were monitored daily and scored twice weekly for symptoms of GVHD which included weight loss, as well as ruffled fur, hunched posture and diarrhea and scored on a 0.5 (slight) or 1.0 (significant) scale for a total of 3.0. less of histocompatibility differences, as an adequate cell dose. OMA-AD cells were also employed at a cell dose of 1 × 10 5 cells/recipient (6.0 × 10 6 /kg). To establish the bona fide properties of the MMSC, their differentiation potential was evaluated in vitro. Bone marrow cells were placed in culture conditions known to promote the growth of MMSC's and subcultured by trypsinization for several passages. The MMSC's were then harvested and placed in 12-well plates containing osteoblast or adipose differentiation medium. After ten days in culture, the coverslips were removed fSrom the wells and stained with Oil Red-O to identify adipocytes and Alazarin red to identify osteoblasts and bone respectively to demonstrate they met the criteria established for MMSC.
MMSC and OMA-AD Cell Dose Responses
Tracking of Infused Cells
Attempts were made to track two populations of infused cells, MMSC and L1210 cells. Since MMSC were primarily derived from C57Bl mice, in order to track the distribution of these cells following infusion into recipients, MMSC derived from enhanced green fluorescence protein (EGFP) expressing mice were isolated and infused into non-EGFP expressing recipients. The distribution of cells in various tissues was determined with time after infusion. L1210 cells were phenotyped and shown to be detectable by expression of CD90 (Thy1) in the absence of CD4 or CD8 expression (Figure 4 ). Attempts were also made to transduce the cells using a DS Red vector to identify these cells in the presence of EGFP expressing MMSC. However, DS Red expression was rapidly diluted in culture and difficult to detect in vivo.
Immunological Evaluations in Mice with GVHD Receiving MMSC
Spleen cells were harvested from recipients of MMSC or OMA-AD versus saline treated controls and analyzed by flow cytometry for B cells, CD3, CD4 and CD8 T cells, as well as CD4/CD25/FOXP3 regulatory T cells. Additionally, this information was obtained from transplanted mice receiving L1210 cells at one week post-transplant. Spleens were made into cell suspensions and nucleated cells enumerated. One million cells were stained with an antibody that detected donor (C57Bl, H2b) cells or recipient (DBA, H3d) cells in combination with an antibody to B cells (anti-B220) granulocytes (GR1), CD3, CD4 or CD8 T cells. In addition, cells were stained with CD4 and CD25, permeabilized and stained for FOXP3. All antibodies were purchased from eBioscience and Pharmingen. At least 1 × 10 6 cells were analyzed employing a Becton Dickenson FACS Aria and data was collected in list mode and analyzed employing FlowJo (TreeStar Inc., Ashland, Oregon) software. Data was ob-tained from mice post-transplantation, before administration of MMSC, and from survivors after MMSC and transplanted mice receiving L1210 cells.
Development and Application of the L1210 Leukemia Cell Model
L1210 cells were acquired from ATCC (American Type Culture Collection, Manassas, VA) and cultured according to the ATCC protocol. Based on CD90 (Thy1) expression, L1210 cells represented a T lymphoblastic leukemia cell model. Growth curves were generated and doubling time calculated in order to determine an appropriate cell number to establish an in vivo tumor model that resembled human leukemia. Additionally, in modeling the human situation, patients undergo high dose therapy before allogeneic bone marrow (stem) cell transplantation. In the mouse model this therapy was exposure to 9.5 Gy of total body Cobalt 60 irradiation, so the radiation sensitivity of the L1210 cells was analyzed. The survival and growth of 2 × 10 6 L1210 cells irradiated with 2 -16 Gy of Cobalt 60 protons employing a Picker v90 Teletherapy irradiator was determined ( Figure  5 ). This showed that at least 0.25 × 10 6 cells (12.5%) survived 8 Gy with a viability of 50% or greater. It was determined that if 5 × 10 3 L1210 leukemia cells were injected intravenously (on day 0) a sufficient number would survive 9.5 Gy total body irradiation on day 1, and bone marrow transplantation on day 2, to produce leukemia in mice over the next one to two weeks and in the absence of further therapies, would lead to death of the recipients.
Results
Induction and Characterization of GVHD
Consistent induction of GVHD in the mouse required infusion of a mixture of bone marrow cells (BMT), to effect lymphohematopoietic reconstitution and spleen cells primarily to provide immune T cells that induced GVHD. Allogeneic bone marrow alone repopulated (Figure 1 ) but did not induce significant GVHD, so no deaths were observed. Allogeneic spleen cells contributed to lymphohematopoietic reconstitution, but primarily induced GVHD. If a large dose of spleen cells was used (6 × 10 6 cells/mouse), GVHD was severe and all recipients died. Consequently, appropriate combinations of bone marrow and spleen cell doses were required. The optimal CD3 T cell doses were determined to be achieved by employing in the range of 1 -3 × 10 6 spleen cells (Figure 1) . When a higher spleen cell dose was employed, weight loss, hunched posture, diarrhea and death ensued rapidly and it was not possible to infuse MMSC (at 10 days) in time to ameliorate GVHD. If too low a spleen cell dose was employed, the severity of GVHD was significantly reduced and the beneficial impact of infusing MMSC was difficult to demonstrate. In subsequent studies, the day of MMSC infusion was advanced to day 7 to improve survival.
In order to refine this analysis, a titration of infused allogeneic spleen cells containing CD3 T cells was performed employing weight loss and GVHD score to evaluate the severity of GVHD and assess the ability of a MMSC cell line OMA-AD to ameliorate GVHD (Figures 2(A)-(C) ). Following BMT and T cells infusions, mice lost weight (Figure 2(A) ), and the extent of weight loss tracked with increasing numbers of infused allogeneic T cells. The GVHD score increased in proportion to the number of T cells infused (Figure 2(B) ). The GVHD score correlated well with the extent of weight loss (Figure 2(C) ). The severity of GVHD could be arbitrarily classified as minimal (GVHD score < 0.62, weight loss > 2.5 g), moderate (GVHD score 0.63 to 1.24, weight loss > 2.5 g, < 5.0 g) and severe (GVHD score > 1.25, weight loss > 5.0 g).
Characterization of MMSC Cell Populations
Primary MMSC were evaluated for ability to differentiate in culture into osteoblasts or adipocytes (Figures  3(A)-(C) ) and for phenotype. The cells were Stro1+ and expressed low but variable levels of hematopoietic cell associated markers (Figure 3(D) ). A MMSC cell line isolated from C57Bl mice has been evaluated and appears similar and does not express a marker that is specifically useful for isolation of MMSC. The primary distinguishing characteristics of these cells is the ability to differentiate in culture to predicted progeny of MMSC (chondrocytes, osteoblasts and adipocytes) [20] .
MMSC derived from mice matching the donor, the recipient and a third party were assessed. The ability to ameliorate GVHD did not appear to be significantly related to the immunological disparity between MMSC and the donor or recipient, and the differing doses of MMSC produced similar levels of survival (43% ± 4%, range 37% -50%) MMSC derived from transgene green fluorescent protein (GFP) expressing donors were injected and the recipients necropsied at various, relatively short term, time points post-injection. Most of the GFP expressing cells disappeared quickly following injection (data not shown), but a very low number <1% persisted beyond 72 hours (data not shown). MMSC are likely heterogeneous but the differences, if any, between MMSC that are cleared versus those that persist are not known.
Are MMSC Anti-Tumor (GVL) Effects Based on Cellular or Humoral Factors?
To determine if a soluble product of MMSC was produced and was as effective as cells as an anti-tumor mechanism, media was collected from OMA-AD cells, and concentrated and then injected into allografted mice in place of MMSC.
Media did not effectively ameliorate GVHD (data not shown) suggesting that cellular MMSC were required for anti-GVHD effects. However, the detailed mechanisms of all of these effects remain unclear at this time and these experiments did not eliminate the potential for biological effects of MMSC derived exosomes which would have minimal numbers in media but could persist longer than the cells in vivo. Overall, MMSC ameliorated GVHD but major suppression of GVHD might compromise anti-tumor responses. Note that a generally similar conclusion was reported by Truitt et al. [90] .
Immunological Effects of Infusion of MMSC or OMA-AD Cells into BMT Recipients
Surviving MMSC or OMA-AD infused mice were necropsied after 2 weeks and spleens evaluated for donor versus recipient immune cells and compared to post-transplant controls. Only low numbers of DBA cells were observed (less than 5%) indicating that the mice were chimeric and largely repopulated (90% +) by C57Bl cells. Compared to saline treated controls, the MMSC/OMA-AD treated mice had similar numbers of B cells and granulocytes and slightly lower numbers of CD3 and CD4 cells, especially OMA-AD recipients and slightly higher CD8 and T reg numbers ( Table 1) . In mice receiving L1210 cells, the leukemia cells dominated and significantly decreased the properties of immune cells in the spleen. This indicated that the L1210 cells survived the preparative regimen and grew in the mice.
Characterization of L1210 Leukemia Cells
The L1210 cells were predominantly Thy (CD90) positive (Figure 4(A), Figure 4(B) ). The doubling time of L1210 cells was determined in order to estimate the number of cells to be infused to permit leukemia to develop and allow time to perform a therapeutic intervention (irradiation followed by BMT) followed by MMSC infusion at originally 10, but later at 7, days after BMT. Based on in vitro growth curves of 3 cell concentrations, the doubling time was estimated at 13 -14 hours after a lag period of about 24 hours (Figure 4(C) ). Note also that the growth of the cells increased and doubling times decreased based on the number of cells plated, suggesting that L1210 cells appear autostimulatory (Figure 4(D) ). These data suggested that 5 × 10 3 L1210 cells was a suitable cell dose to model human leukemia.
An additional consideration was the impact of the 9.5 Gy dose of total body irradiation, employed as the preparative regimen, on the growth of L1210 cells. An attempt was undertaken to construct a radiation survival curve for L1210 cells. The results (Figure 5) suggested two components to a survival curve with a sensitive population of cells (Do of the order of 1 Gy) and a very resistant population that survived even in the face of irradiation with 8 -64 Gy. This permitted re-growth of L1210 cells at 48 -72 hours even following high doses of irradiation ( Figure 5) . Potentially, L1210 contains radiation sensitive proliferating cells in addition to quiescent radiation resistant cells, although this requires further evaluation. Overall, the data indicated that 9.5 Gy of total body irradiation did not eliminate L1210 cells (Figure 5) , and following BMT, these cells could rapidly re-grow and kill the host unless additional anti-tumor mechanisms are active, e.g. graft versus leukemia (GVL) effects. Figure 5 . Characterization of effects of radiation on L1210 cells to select L1210 cell numbers required to survive 9.5 Gy TBI employed for BMT, but also allow for appropriate leukemia cell numbers based on doubling time (Figure 6 ) for evaluation of MMSC infusion on mouse survival.
In these experiments, 5 × 10 3 L1210 leukemia cells required to cause the leukemia in all intact syngeneic mice were infused and the mice were transplanted with bone marrow and spleen cells, followed by MMSC, and followed for development of GVHD or leukemia. Subsequently this experiment was repeated and seven days post-transplant the mice received either saline or OMA-AD cells iv and the effects on GVHD and leukemia incidence was noted (Figure 6 ). L1210 cells alone lead to death by 11 days which was a little slower than that observed in a non-therapeutic situation [91] . If primary MMSC were infused, significant GVHD ensued and long term survival was 80%. In contrast, if cell line, OMA-AD cells were infused, minimal GVHD was observed and the mice died within 9 days with evidence of leukemia.
Overall, these data indicate that MMSC ameliorate GVHD. The MMSC cell line (OMA-AD) was better at suppressing GVHD than primary MMSC. However, in the presence of L1210 leukemia cells, suppression of GVHD by OMA-AD cells lead to leukemic relapse and death by day 9. In contrast, although primary MMSC allowed development of moderate to severe GVHD, this provided long term survival (80%) suggesting effects of GVL in this situation.
Discussion
This research has developed, evaluated and validated an animal (mouse) model of GVHD that can be employed to investigate the mechanisms of MMSC amelioration of GVHD. This model employed the infusion of bone marrow cells, primarily to effect engraftment and regeneration of lymphohematopoietic tissues, with infusion of spleen cells to generate GVHD. The provision of allogeneic T cells in increasing numbers caused GVHD of increasing degrees of severity. Infusion of MMSC ameliorated GVHD that developed. Leukemia cells (L1210) were administered to determine if amelioration of GVHD compromised GVL effects. The resulting data indicated that partial suppression of GVHD did not suppress GVL, however complete suppression of GVHD with a MMSC cell line did suppress GVL sufficiently to permit leukemic cell re-growth. Therefore, although MMSC can suppress GVHD, they are currently a relatively crude tool that needs additional refinement and/or targeting.
To effect GVHD, allogeneic T cells in spleen cell suspensions were added to the bone marrow cell inoculum. Depending on spleen, and therefore CD3, T cell number, this combination induced minimal to relatively severe GVHD manifested as weight loss, diarrhea, hunched posture and histopathological changes and death within 7 -14 days. It should be noted that housing conditions might also influence the course of GVHD. Studies of animals maintained under gnotobiotic (germ-free) conditions demonstrated that this reduced the incidence/severity of GVHD [92] . The mice in this study were maintained in individual microisolators. These conditions have been shown to delay deaths of lethally irradiated mice (to 20 -30 days post-irradiation) compared to conventional housing conditions (deaths 12 -18 days post-irradiation). This might have a quantitative influence on the results. If mice exhibiting the initial signs and symptoms of GVHD at about day seven were infused with 1 × 105 MMSC cells, initially at day 10, and subsequently at day 7, the signs and symptoms of GVHD were ameliorated and 40% to 80% of the mice survived acute GVHD, in part depending on the day of MMSC infusion as well as T cell dose. These observations might reflect a role for Toll receptors in the pathogenesis of GVHD [93] [94].
Essentially similar effects were observed when MMSC matching the genotype of the donor versus the recipient mice or third parties were infused. This result differs from that of Joo et al. [75] who observed a positive dose response for MSC inhibition of GVHD. A minimal cell dose to achieve an effect was not defined. However, since there was no evidence of toxicity of the lowest MMSC doses employed (10 5 /mouse or 5 × 10 6 /kg body weight), it appeared unnecessary to evaluate lower cell doses that might increase the risk of failure of the infused cells to ameliorate GVHD.
Clinically, there is an attraction to the use of a generic mesenchymal cell population as reviewed by Lin and Hogan [11] , since this would simplify regulatory issues and especially since the origin of the MMSC cells seems to be unimportant (see above). The MMSC were phenotyped and the ability of a MMSC cell line OMA-AD [20] previously described to ameliorate GVHD was assessed. When the ability of the cell line OMA-AD to suppress GVHD was compared to that of primary MMSC ( Figure 5, Figure 6 ), the results showed that the cell line appeared to be more effective at ameliorating GVHD. However, this might be a disadvantage in the situation when there are surviving leukemic cells in the recipients (see below). Titration of MMSC dose might not matter for amelioration of GVHD, but it might be critically important in minimizing the risk of leukemic relapse. This requires further evaluation.
Since infusion of the MMSC OMA-AD cell line appeared at least as effective as primary MMSC cells ( Figure 5 ) and maybe more efficacious, the use of a regulatory authority approvable MMSC cell line appears to be a viable and simpler option than generating primary MMSC for each patient. However, these data suggest that if MMSC suppression of GVHD is major, such that no or only minimal GVHD develops, the greater immunosuppressive effect may facilitate survival and relapse of the leukemic cells.
The doubling time of L1210 (CCL-219) cells reported at 8 -10 hours (ATCC data sheet) was slightly longer in this study and was estimated at 13 -14 hours. The radiation sensitivity assay suggested that at the irradiation dose employed (9.5 Gy), a sufficient number of L1210 cells would survive to cause death in the absence of therapy. This proved to be the case with 100% mortality within 11 days (Figure 6 ). This is a slightly longer period than approximately 8 days observed by Aldred et al. [91] in a non-therapeutic situation. This suggests that the preparative regimen had some minor therapeutic effect, although the leukemic cells rapidly become a dominant cell population in the spleens of the mice ( Table 1) . It should be noted that the symptoms associated with death due to the leukemia were similar to and overlapping with those observed due to GVHD in the absence of leukemia [91] which indicated that based on symptomatology, GVHD and leukemia symptoms were not readily distinguished.
The survival of bone marrow and spleen cell transplanted mice that had also been infused with L1210 leukemia cells (Figure 6) showed that the leukemia was fatal within two weeks. Transplanted mice infused with OMA-AD cells to ameliorate GVHD had moderate GVHD but 80% survival long term. This was also the case for transplanted mice infused with both L1210 leukemia cells and with primary MMSC. These mice developed significant GVHD but the majority (80%) did not develop leukemia and survived long term. In contrast, the transplanted mice infused with L1210 leukemia cells and OMA-AD MMSC, only developed minimal GVHD and succumbed rapidly to the leukemia and all died by day 9. This experiment suggested that although MMSC can suppress lethal GVHD, the generation of at least moderate GVHD was necessary to prevent leukemic cell re-growth and relapse. If GVHD was suppressed to a major extent, then leukemic relapse was rapid and death ensued. Consequently, investigators need to be aware that the use of MMSC to ameliorate GVHD in the presence of leukemia cells appears to be a two-edged sword. Too great a success of suppression of GVHD permitted leukemic relapse. This can be inhibited or prevented if some GVHD develops, but this will have other negative consequences for the patient.
Clearly, the mechanism(s) of action of MMSC must involve immune modulation although actual mechanisms are controversial [38] [41] [44] [45] [71] . The evaluation of immune cell populations, including regulatory cells, showed minor differences with slightly increased Treg and CD8 cells and decreased CD3 and CD4 cells. A further evaluation of immunological effects is needed. Also, the duration of survival of MMSC in the recipients was relatively short and it is unknown, at this time, if a specific subpopulation of MMSC survives and what the immunological effects of these cells might be. Alternatively, exosomes produced by MMSC are a candidate mechanism of effect. This could explain why the tissue matching of MMSC is unimportant and is compatible with media alone being ineffective (too few exosomes) as well as not requiring the MMSC themselves to persist in the recipients. This is worthy of additional evaluation.
It should be noted that this study only models acute GVHD and additional models are needed for evaluation of chronic GVHD, autoimmune diseases, the risk of tumor relapse and the de novo generation of sarcomas by the infused MMSC [58] . Indeed, the effects of MMSC in such situations may differ from those in acute GVHD. If the immunological effects of MMSC affect the initial processes of immune activation, for which there is evidence [61] [66] , then amelioration of acute GVHD might not translate into similar effects in chronic GVHD or autoimmune diseases where autoreactive clones of immune cells may have been generated a considerable time previously. In fact, there is a suggestion that this may be the case, since a majority of patients with acute GVHD treated with MMSC responded completely but one with chronic GVHD had only a transient and incomplete response [3] . Very early administration of MMSC to prophylactically inhibit GVHD was also not successful, suggesting immune activation and/or potentially some initial tissue damage may be required and it is these processes that the MMSC (or their products) target. Supernatants of cultured MMSC were not effective. However, soluble products may have a short half-life and/or inadequate concentrations. Also, in a collagen induced arthritis model in mice, infused MMSC did not confer any benefit [95] . Consequently, additional efforts are required to develop appropriate animal models in which to evaluate the therapeutic efficacy of MMSC in chronic GVHD and autoimmune diseases.
Overall, these results describe a mouse model of acute GVHD employing strain combinations not previously evaluated in which the amelioration of GVHD by infusion of MMSC was clearly demonstrated. The infusion of MMSC appears to be safe, although the optimal methods to prepare these cells are an active area of investigation [11] [12] . Furthermore, this model demonstrated that MMSC from donor, recipient, third party or an "off the shelf" cell line ameliorated GVHD, similar to the situation in man. It appears that amelioration of acute GVHD can be accomplished without abrogating allograft versus leukemia (GVL) effects, but at the same time, complete abrogation of GVHD may also abrogate GVL and permit leukemic relapse. The impact of a greater degree of acute GVHD suppression on the severe infections and subsequent development of chronic GVHD is unclear. The phenotype of effective MMSC has not been identified nor have the immunological mechanisms been defined by which this potentially important cellular therapy works [37] [96] , although an increase in regulatory T cells appears to be important. At this time, in the absence of an understanding of mechanisms, a major problem in the use of MMSC for amelioration of GVHD is the inability to predict the extent of immunosuppression that will be induced in recipients. This animal model will permit future investigations of these unanswered questions and contribute significantly to the translation of MMSC for therapy of GVHD and, potentially, other immune diseases, including autoimmune diseases, into clinical reality, as well as determining if fine tuning of amelioration of GVHD without promoting the survival or re-emergence of minimal residual malignant disease can be reliably accomplished or whether alternative approaches to targeting effector cells [97] - [99] will be necessary.
